A diamond-shaped amplified piezo actuator (APA) fabricated using six multilayered piezo stacks with maximum displacement of 173 μm at 175 V and the amplification factor of 4.3. The dynamic characterization of the actuator was carried out at different frequencies (100 Hz-1 kHz) and at different AC voltages (20 V-40 V). The actuator response over this frequency range was found neat, without attenuation of the signal. Numerical modeling of multilayered stack actuator was carried out using empirical equations, and the electromechanical analysis was carried out using ABAQUS software. The block force of the APA was 81 N, calculated by electromechanical analysis. This is similar to that calculated by dynamic characterization method.
Introduction
Lead zirconate titanate (PZT) is a well-known piezo material that produces electric charges on application of mechanical stress (as sensor) or undergoes dimensional change when subjected to an electric field (as actuator) [1] [2] [3] [4] [5] . One major drawback of the piezo materials is the low displacement of the order of 0.1-0.15% of the total length; therefore, thick piezo stacks are required even for the moderate-strain requirements. For high-strain requirements wherein the requirement of the strain is in few millimeters, simple multilayer stacks are not suitable. This leads to the development of the various types of high-strain amplified actuators such as hydraulic actuator [6] [7] [8] [9] [10] [11] [12] [13] , Moonie [14] and Cymbal [15] , diamond-shaped actuator, and bow-shaped actuator.
In this study, the details of the fabrication and characterization of a diamond-shaped amplified actuators rare presented. Numerical modeling of multilayered stack actuator and amplified actuator is carried out using empirical equations and the electromechanical analysis using ABAQUS software. The values are correlated to the experimental results.
Experimental Procedure

Preparation of PZT Slurry.
PZT stacks were fabricated by tape-casting method using in-house-prepared PZT powders [16] . A well-dispersed PZT slurry was prepared using required amount of PZT powder, organic solvents (methyl ethyl ketone and ethanol), dispersant (Triton), binder, plasticizers, and so forth, by ball milling for 72 hr. An optimized PZT slurry composition is presented in Table 1 . The slurry was then filtered and cast on a silicon-coated Mylar sheet using a laboratory tape caster. The thickness of the green tapes is varied between 20 μm and 200 μm by changing the parameters such as the clearance of doctor blade, the casting speed, and the viscosity of the slurry.
Fabrication of Multilayered (ML) Stack.
The green PZT tapes of thickness 80 μm were dried, cut into required dimensions, screen-printed with platinum electrode paste, and dried. The individual layers are then stacked and laminated one above the other using uniaxial stacking machine. Following the above procedure, 6 numbers of identical ML • C/2 h with very slow heating rate (15 • C/1 h). The cofiring of the stacks is done at 1250
• C/1 h. The stacks are leveled to have parallel surfaces, finished, and electrode, and two terminals are drawn by soldering the wires. A pictorial representation of fabrication procedure of ML stack is shown in Figure 1 . The stacks are then poled at 2 kV/mm in hot silicone oil bath for 45 min, and displacement and block force were characterized. Typical picture of the fabricated ML stack is shown in Figure 2. 
Fabrication of Al Frame and
APA. An aluminium metal frame of length 60 mm (internal) and height 24 mm (internal) is fabricated. The inside angle of the frame with its mid- dle horizontal line is 15
• . All the 6 PZT stacks are then fixed inside the metal frame using a flange in a prestressed condition. The photograph of fabricated diamond-shaped PZT actuator is shown in Figure 3 . The weight of the APA is 26.5 g.
Results and Discussions
Displacement and Block Force Measurement.
The individual ML stacks are characterized for displacement and block force using a block force measuring unit. The actuator is placed on top of a force sensor (load cell) inside the sample holder, and its positive and negative terminals are properly connected to the respective terminals of the voltage source. Displacement of the actuator is measured by a highly sensitive laser interferometer. For measurement of block force, the actuator is prestressed by selecting a suitable spring of specific stiffness. The displacement and the force generated by the actuator for different springs are plotted. The software calculates a linear fit for these points. The block force is determined from the intersection points of the line on X-axis, and the free displacement is measured from its intersection on Y -axis. The graph of displacement versus force is shown in Figure 4 . The displacement characteristics of the APA and assembled ML stacks are measured using a strain gauge. The test setup for displacement measurement of the APA is shown in Figure 5 . It is observed that the displacement increases with increase in voltage, and a maximum displacement of 173 μm and 40 μm is measured for APA and assembled ML stacks, respectively, at 175 V. On decreasing the voltage, the displacement curve does not follow the same path and a hysteresis loop is obtained ( Figure 6 ). The amplification factor for diamond-shaped APA is nearly 4.3 times.
Dynamic Characterization of Amplified Actuator.
The piezo stack as an electrical load is capacitive in nature. The capacitance of the stack assembly is measured and is around 2.42 μF. This is a useful parameter in the design of electronics actuator amplifier for APA.
Characterization of the Actuator at Different AC Signal and Frequency.
For vibration control applications, it is necessary to characterize the dynamic response of the stack at different amplified sinusoidal AC signal and at different frequencies. The dynamic response of APA was carried out at 40 V (±20 V) peak to peak and up to a frequency of 1 KHz. The test setup is shown in Figure 7 . A sinusoidal input signal to the stack assembly produces mechanical vibrations on the stack which is coupled to a unit under test (UUT) either to carry out UUT's resonance search (open loop) or to control UUT's vibrations (closed loop). For dynamic applications, it is necessary to quantify the acceleration response on the stack assembly with respect to force input to the APA stack assembly at different input voltage levels as well as at different frequencies. A miniature accelerometer (with 10.5 mV/g sensitivity and 0.2 g weight) was mounted on the stack followed by its signal conditioning amplifier.
The weight of the APA stack assembly is 26.5 grams. The total weight of the APA stack assembly and accelerometer together is 26.7 grams. Experiments were carried out and measurements were recorded on digital storage oscilloscope at three different sinusoidal input drive voltage levels (20 Vpp, 30 V p-p and 40 V p-p) to the stack actuator and in the frequency range of 125 Hz to 1 KHz. Typical plots of response of stack at 250 Hz and at 1000 Hz are presented in Figures  8(a)-8(d) . From the sensitivity of the accelerometer and the mill volt output produced by the actuator, the acceleration (g) and the force produced by the actuator were calculated. The "g" was 2.7 g/cm 2 , and the force was 81 N at 40 volts, and the variation at different voltage is presented in Figure 9 . 
Numerical Modeling of Multilayered Stack
where E 33 is Young's modulus, d 33 represents piezoelectric strain constant, n indicates the number of layers, EV refers to the electric potential across each layer, A is cross-sectional area of the stack actuator, t is thickness of each layer, φ fem denotes equivalent electric potential in finite-element method.
Finite-Element Modeling of the Stack Actuator.
Assuming 10 piezo layers, each of piezoelectric strain constant (390 × 10 −12 C/N), a finite-element model was created using square cross-section elements to avoid any discrepancy (Figure 10 ). The two consecutive layers of the finite-element model will have opposite polarity to each other, so as to obtain the extension/compression from all the layers simultaneously (i.e., parallel capacitor configuration). The actuator material properties used for modeling are presented in Table 2 . Similarly, the characteristics of the actuator are presented in Table 3 . The actuator is characterized using the stress-strain relation of a coupled electromechanical system
where C is the material stiffness matrices (N/m 2 ), d is the piezoelectric strain constant (m/v), E k is the electric field (v/m), and ε is the material strain.
Electromechanical Analysis Using ABAQUS.
The free deflection and the block force are measured from the electromechanical analysis using ABAQUS. While the free deflection is the actuator deformation when maintained in an unconstrained state with the maximum applied voltage, the block force is the reaction developed by the actuator when maintained in a completely constrained state. The results of the analysis compared with the measured results are presented in Table 4 , and the block force and free displacement profile are presented in Figures 11(a) and 11(b) . Figure 12 represents the CAD model of APA, in which the casing is made of aluminum material, and the actuator is placed in between the casing. The aluminum material properties used are Young's modulus E = 70 GPa, density = 2720 kg/m 3 , and Poisson's ratio 0.3.
The weight of the APA is approximately 26.5 grams. Finite-element model of APA is made in Hypermesh and subsequently analyzed for static loading. Further the free vibration analysis is performed using ABAQUS. The static analysis has shown that the casing is safe with a factor of safety 4.7.
Piezo Static and Electromechanical Analysis of the APA.
Piezoelectric analysis is carried out with upper and lower pads completely constrained (u, v, w = 0) ( Figure 13 ). By applying an equivalent voltage (175 V), the von Mises stress (92 MPa) and the block force are computed (81 N), respectively. Further analysis is done for finding the induced displacement of the APA actuator under unconstrained state (148 μm). The result is presented in Figure 14 . Similarly for different actuator voltages, the free deflections are computed, at actuator level as well as for the APA. The results are presented in Table 5 for different voltage configurations.
Conclusions
A diamond-shaped APA was successfully fabricated by designing suitable metal frame and using 6 multilayered PZT stacks. The APA produces displacement of 173 μm with
Step 1 inc1, t = 1.000000e + 000 Displacements The performance was found very well over the frequency range without attenuation of the signal. Both the waveforms, namely, input to the stack actuator and accelerometer output, is showing no distortion thereby indicating the stack actuator assembly is behaving linearly. The equivalent numerical modeling of APA was built, and electromechanical analysis was carried out. The induced displacement obtained was 148 μm for the maximum operational voltage. The actuator free displacement and block force were also computed to be 40.9 μm and 1450 N, respectively. The maximum vonMises stress estimated is 92 MPa, which gives a factor of safety of 4.7, and block force generated is 81 N. The block force of the APA was 81 N, calculated by electromechanical analysis. This is similar to that calculated by dynamic characterization method.
